In the antioxidant defense system, superoxide dismutase (SOD) catalyzes the breakdown of superoxide into hydrogen peroxide and oxygen. In the cecum, the influence of intestinal microflora on SOD activity is unknown. In this study, we used germ-free (GF) mice to examine the effect of intestinal microflora on SOD activity in the cecum, and SOD activity was compared between GF and conventional (CV) mice. The activity of CuZnSOD and MnSOD was determined using the SOD Assay Kit-WST. Expressions of CuZnSOD mRNA and protein were determined by real-time PCR and western blot analyses, respectively. The activities of CuZnSOD and MnSOD were significantly higher in the ceca of GF IQI and FVB/N strain mice than in CV mice (P<0.01-0.05). The gene expressions of CuZnSOD mRNA in the ceca of GF mice were significantly higher than those in CV mice (P<0.05), and CuZnSOD protein expression showed similar tendencies. Consistent with the abovementioned results, the total SOD activity in conventionalized mice decreased to the level of total SOD activity observed in the ceca of CV mice. Furthermore, no differences between GF and CV mice were observed in the SOD activities in the liver and thymus. Our results suggest that the antioxidant defense system in the mouse cecum is influenced by the intestinal microflora that downregulate SOD activity.
Introduction
Antioxidant enzymes play an important role in the prevention of oxidative stress by acting on oxygen radicals generated in vivo. Superoxide dismutases (SODs) [14] are the most important antioxidant enzymes in antioxidant defense systems against superoxide (O 2 ·-).
SODs are the first line of defense for dismutation of excess O 2 ·-, which causes tissue disorders, and they convert O 2 ·-to molecular oxygen and hydrogen peroxide (H 2 O 2 ) [23] . H 2 O 2 is subsequently catabolized to water by catalase and glutathione peroxidase (GPx) [6, 12] . At present, three distinct isoforms of SOD have been identified in mammals. One isoform of SOD has Cu and Zn in the catalytic center (CuZnSOD) and is localized to the intracellular cytoplasmic compartment. A second -Original-isoform of SOD has manganese (Mn) in the catalytic center (MnSOD) and is localized to the mitochondria of aerobic cells, while a third isoform is extracellular SOD [32] .
In vivo, O 2 ·-is produced by the mitochondrial electron transport chain [16] and when neutrophils or macrophages phagocytize bacteria [13] . Under some physiologically relevant conditions, such as low pH in the phagosome and the nonpolar environment close to cell membranes, O 2 · -itself could potentially be a direct player in killing bacteria [2] . O 2 ·-also plays an important role in the killing of invading microorganisms. Macrophages and neutrophils from germ-free (GF) animals show a significantly lower level of O 2 ·-release than those from conventional (CV) animals of the same age [18, 20] . These reports suggest that intestinal microflora may play a role in promoting phagocytic activity. On the other hand, O 2 ·-is produced in vivo by the NOX (NA-DPH oxidase) family, and generation of reactive oxygen species by NADPH oxidase was not only found in macrophages and neutrophils by NOX2 expression. Six homologs of the cytochrome subunit of the phagocyte NADPH oxidase were recently found, and the intestinal epithelial cells expressed NOX1 and DUOX2. These enzymes are important for transportation of electrons across the plasma membrane and generation of O 2 ·- [2] .
The intestinal microflora of an individual is composed of 100 trillion viable bacteria [17] , representing 400-500 different bacterial species [8] . These organisms live in symbiotic or antagonistic relationships. Their presence in the intestine influences numerous biological functions, including oncogenesis, aging, immunity, and hormonal balance [22, 24, 28] . However, little is known about the interaction between intestinal microflora and antioxidant enzyme activity, although there have been some reports on leukocyte function with respect to either O 2 ·-release [18, 20] , gastrointestinal nitric oxide (NO) generation measurements [27] , or expression of GPx, which is a different antioxidant enzyme, found in the cecal mucosa of GF animals as well as CV animals [15] . In the gastrointestinal tract, SOD activity has been reported to determine the therapeutic value of SOD in an experimental model [1, 26] , but the effect of intestinal microflora on antioxidant enzyme activity is still poorly understood.
In the present study, we investigated the association between intestinal microflora and SOD activity in the cecal tissue of GF mice. GF mice appear to be useful tools for investigating the possible contribution of bacterial flora to SOD activity in the cecum.
Materials and Methods

Animals
All experiments were performed using 5-or 12-weekold male IQI and FVB/N mice. IQI mice were bred in our animal facility and originated from CLEA Japan, Inc. (Tokyo, Japan). The FVB/N colony was also produced in our animal house from five pair of FVB/N mice kindly provided by Dr. K. Toyama-Honda, CNRS URA 1335 (Paris, France). GF mice were maintained under GF conditions in flexible vinyl isolators. Cages, bedding, and water for GF mice were sterilized either in an autoclave or with chlorine dioxide (Exspor; Alcide Co., Redmond, WA, USA). A commercial diet sterilized by gamma irradiation at 50 kGy (CMF; Oriental Yeast Co., Ltd., Tokyo, Japan) and water were provided ad libitum to all mice. CV mice were kept in clean racks, and they were confirmed to be free of serum antibodies to Clostridium piliforme, Mycoplasma pulmonis, HVJ, and MHV. They were also negative for Pseudomonas aeruginosa, Salmonella spp., Pasteurella pneumotropica, Citrobacter rodentium, Corynebacterium kutscheri, Mycoplasma spp., Dermatophytes, Giardia spp., Spironucleus muris, and Syphacia spp. The GF and CV mice were maintained in the same animal room under controlled conditions of temperature (23-25°C), relative humidity (40-70%), and light (12 h, 7:00-19:00 h). The mice were treated as per the provisions for animal welfare of the Nippon Veterinary and Animal Science University, which follows the Guidelines for Animal Experimentation issued by the Japanese Association for Laboratory Animal Science [10] .
CuZnSOD and MnSOD activity assays
The mice were sacrificed by decapitation, and the ceca, livers, and thymuses were harvested rapidly frozen in liquid nitrogen and stored at −80°C until assayed. Tissue samples obtained from the mice were homogenized by sonication in a sucrose buffer solution (10 mM Tris-HCl, pH 7.4, 0.25 M sucrose, and 1 mM EDTA). The total SOD activity was determined in the supernatant obtained after centrifugation at 15,000 rpm for 20 min at 4°C using a SOD Assay Kit-WST (Dojindo Molecular Technologies Ltd., Kumamoto, Japan). First, the SOD concentration (U/ml) IC 50 that gave 50% inhibition of the WST reaction was determined using a standard SOD concentration (MP Biomedicals, LLC, Solon, OH, USA). Then, the dilution rate of the mouse tissue extract that established IC 50 was determined, and the unit concentration (U/ml) of the extract was calculated. Each sample was analyzed in duplicate, and the results were expressed as enzyme activity per mg of protein. The protein concentration was determined by the Bradford method [3] using bovine serum albumin as the standard. The same sample was analyzed under identical conditions after addition of 1 mM NaCN to determine MnSOD activity [4, 11] . CuZnSOD activity was calculated by subtracting MnSOD activity from total SOD activity.
Western blot analysis
Equal amounts of protein (10 µg) were loaded into wells, electrophoresed on 12% sodium dodecyl sulfatepolyacrylamide gels with a gradient of 130 V at room temperature, and then transferred onto a nitrocellulose membrane using a current of 2 mA/cm 2 for 30 min at room temperature. The membrane was blocked using the blocking agent provided in the ECL Advance kit (GE Healthcare UK Ltd., Buckinghamshire, England, UK), in PBS solution (137 mM NaCl, 8.10 mM Na 2 HPO 4 , 2.68 mM KCl, and 1.47 mM KH 2 PO 4 ) containing 0.1% Tween-20 for 1 h. It was then probed using a primary rabbit anti-mouse Cu/Zn SOD polyclonal antibody (StressGen., Victoria, Canada) at 1:10,000 dilution, followed by horseradish peroxidase-conjugated secondary antibody (anti-rabbit, 1:20,000 GE Healthcare UK Ltd.). The blots were then visualized using the ECL Advance kit (GE Healthcare UK Ltd.).
To normalize the expressions of the enzymes, we evaluated the levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which was used as the internal standard protein. The film was scanned using a Versa Doc-5000 imaging densitometer (Bio-Rad Laboratories, Inc., Tokyo, Japan), and the results were quantified using Quantity One software (Bio-Rad Laboratories, Inc.). The amount of CuZnSOD was normalized to the amount of GAPDH.
RNA extraction, cDNA synthesis, and quantitative realtime PCR analysis
Total RNA was extracted from the frozen tissue using Trizol reagent (Invitrogen Co., Carlsbad, CA, USA). The amount of total RNA was measured by spectrophotometry. Total RNA (500 ng) was reverse-transcribed in a solution of 10 µl of 1 × PrimeScript buffer, 25 pmol of oligo dT primer, 50 pmol of random 6-mer primer, and 0.5 µl of PrimeScript RT enzyme Mix 1 at 37°C for 15 min (Takara Bio Inc., Shiga, Japan). The reaction product was subjected to quantitative real-time PCR performed following the instructions for the 7500 Realtime PCR system (Applied Biosystems, Austin, TX, USA). After cDNA denaturation at 95°C for 2 min, PCR was performed according to a thermal cycling protocol: 95°C for 15 s and 60°C for 35 s in 25 µl buffer containing 1 × Platinum SYBR Green qPCR SuperMix UDG (Invitrogen) and 0.2 µM each of forward CuZnSOD (5'-GGGTTCCACGTCCATCAGT-3') and reverse CuZn-SOD (5'-CACACGATCTTCAATGGACAC-3') primers. The cDNA sequence was obtained from GenBank (accession number; NM_011434), and forward and reverse primers were designed to span different exons to avoid genomic DNA amplification. Quantitative measurement was performed by establishing a linear amplification curve from serial dilutions of cloned mouse CuZnSOD mRNA and GAPDH mRNA [21] . The amount of CuZn-SOD mRNA was normalized to the amount of GAPDH mRNA.
Conventionalization procedure
At the age of 10 weeks, GF FVB/N mice were moved to a maintenance environment under CV conditions. They were conventionalized (CVz) for two weeks in the same animal room. The CVz mice were then sacrificed by decapitation, and their ceca were collected for determination of total SOD activity. The total bacterial count in the cecal content of 2-week-old CVz mice was not significantly different from those of CV mice (data not shown).
Statistical analysis
The results of the biological parameters are expressed as mean ± standard deviation. Statistical analyses of the differences between mean values were performed using either Student's t-test, Welch's t-test, or Tukey's multiple range test. Probabilities of less than 5% (P<0.05) were considered significant.
Results
SOD activities in the ceca of GF and CV mice
Total SOD activity assays were performed in the cecum of 5-or 12-week-old IQI and FVB/N mice. The total SOD activities in the ceca of GF IQI and FVB/N mice of both ages were significantly higher than in the ceca of CV mice (P<0.01-0.05, Fig. 1) . Similarly, the activity of the two isoforms of SOD, i.e., CuZnSOD and MnSOD, in the ceca of GF mice of both ages and strains were significantly higher than in the ceca of CV mice (P<0.01-0.05, Fig. 2 ). In this study, the total SOD activity was mostly CuZnSOD activity.
CuZnSOD mRNA and protein expressions in the ceca of GF and CV mice
CuZnSOD mRNA and protein expressions in the ceca of 5-or 12-week-old IQI and FVB/N mice were determined relative to SOD activity. Expression of CuZnSOD mRNA in the ceca of GF IQI and FVB/N mice of both ages were significantly higher than in the ceca of CV mice (P<0.05, Fig. 3A) . Moreover, the expression of CuZn-SOD protein in the ceca of GF mice tended to be higher than in the ceca of CV mice, and protein expression in the ceca of 12-week-old GF FVB/N mice was significantly higher than in the ceca of CV mice (P<0.05, Fig. 3B ).
Total SOD activity in the ceca of CVz mice
The total SOD activity in the ceca of CVz FVB/N mice was significantly lower than in the ceca of GF mice (P<0.05). It was not significantly different between CVz and CV mice, and in GF mice it was significantly higher than in CV mice (P<0.05, Fig. 4) .
Total SOD activities in the livers and thymuses of CV and GF mice
In the liver and thymus, total SOD activity was measured to determine whether the results were similar to those in the cecum, i.e., whether SOD activity was higher in GF mice than in CV mice. These assays were performed on 5-or 12-week-old IQI and FVB/N mice. No significant differences between GF and CV mice were observed in the SOD activities in the livers and thymuses (Table 1) .
Discussion
The results of the present study clearly demonstrate CuZnSOD mRNA and protein expressions showed similar tendencies with respect to SOD activity. There is evidence to suggest that the amount of CuZnSOD mRNA in each mouse tissue, as determined by northern blot, correlates with enzyme activity, and the regulation of CuZnSOD activity in mammalian tissues largely depends on regulation of the levels of CuZnSOD mRNA [5] . Thus, our data suggests that SOD activity is influenced by the intestinal microflora in the mouse cecum, i.e., intestinal microflora downregulates SOD activity. Consistent with the abovementioned results, the total SOD activity in the ceca of CVz mice in the present study decreased to the level of the total SOD activity observed in the ceca of CV mice, and no differences between GF and CV mice were observed in the SOD activities in the livers and thymuses. To the best of our knowledge, this is the first report to suggest a relationship between intestinal microflora and SOD activity in mouse cecal tis- that SOD activity in the ceca of GF mice is significantly higher than in the ceca of CV mice. The findings of this study were based on evaluations of total SOD, CuZn-SOD, and MnSOD activity in 5-and 12-week-old mice belonging to the two strains. Furthermore, we found that sues. The interaction of SOD activity with intestinal flora demonstrated in this study is interesting. In this study, we measured SOD activity in whole body of the cecum. To further our understanding of the upregulation of SOD activity in GF mouse cecum, we are planning two additional studies, one to examine whether the upregulation occurs at the mucosal or the cecal tissue, and the other to study the effects of cells on SOD activity in the cecum. Differences in the expression of GPx, which is a different type of antioxidant enzyme, in the cecal mucosa between GF and control rats were recently reported not to be significant [15] . This is in disagreement with the results of our present study on SOD activity. The influence of intestinal bacteria may differ depending on the types of antioxidant enzyme. Therefore, further studies are required to determine the different type of antioxidant enzyme activity (i.e., catalase or GPx activity) in GF and CV mice ceca.
Nonpathogenic bacteria are also reportedly capable of modulating the expression of colonic epithelial genes associated with the extracellular antioxidant system [7] . Northern blot analyses revealed that the levels of selenoprotein P and metallothionein 1, which are believed to play roles in the prevention of extracellular oxidative damage, decreased due to bacterial reconstitution at the mRNA level in GF mice. These results are consistent with those of our present study in which intracellular CuZnSOD activity in the cecum was compared between GF and CVz mice.
The mechanism by which intestinal bacterial flora suppress CuZnSOD activity in the mouse cecum remains unclear. A thyroid hormone (TH) may contribute to the downregulation of SOD activity in the mouse cecum. Santos et al. [25] reported that the CuZnSOD promoter was downregulated by TH binding to its receptor. Ukai et al. [29] reported the rudimentary morphology of thyroid gland tissue in GF rats in a light and electron microscopy study. Therefore, reduction of TH secretion or receptors may have the potential to upregulate CuZnSOD activity in the GF mouse cecum. However, key questions regarding the interpretation of the TH effect on SOD activity, especially in the mouse cecum remain unanswered. Evaluation of TH secretion and receptors may be necessary to determine TH participation in the regulation of SOD activity in the GF mouse cecum. Gaseous NO has been reported to decrease more in the gastrointestinal tract of GF rats than in CV controls [27] . NO is a central mediator of various physiological events in the gastrointestinal tract, and the bioactivity of NO depends on its interaction with reactive oxygen species, particularly O 2 ·-. Wei et al.
[31] provided the first evidence that O 2 ·-inactivates NO in vivo. Thus, O 2 ·-readily reacts with NO to produce peroxynitrite, thereby decreasing NO levels [30] . Local steady-state levels of O 2 ·-are dependent on the activity of endogenous SOD. Thus, an interaction between SOD activity and NO concentration may be one of the causes of higher SOD activity in the GF mouse cecum.
The results of our study suggest that SOD activity in the mouse cecum is influenced by the presence of intestinal microflora. Determination of the species of intestinal microflora that mediate SOD activity in the mouse cecum is interesting. The fact that GF animals have enlarged ceca is well known, and the cecal size of GF mice has been reported to be reduced to the level of CV mice by inoculation with a mixture of clostridia obtained from the chloroform-treated feces of CV mice [9, 19] . Clostridium species are dominant in the mouse intestine, and they play an important role in normalization. These clostridia will be used in future gnotobiotic studies to determine the relationship between intestinal flora and SOD activity in the mouse cecum, although the interaction between SOD activity and cecal size (normalization) is still unknown.
In conclusion, we suggest that intestinal microflora decrease the activity of the antioxidant enzyme SOD in the mouse cecum. To the best of our knowledge, this is the first report on the relationship between SOD activity and intestinal bacteria in mice.
